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Abstract.W e presentJH K and 3.8m (L
0
)photom etry of26 galaxies in the Infrared Space O bservatory (ISO )
Norm alG alaxy K ey Project(K P)sam ple and ofseven norm alellipticalswith theaim ofinvestigating the origin
ofthe4m em ission.The m ajority oftheK P galaxies,and alltheellipticals,haveK   L < 1:0,consistentwith
stellarphotospheresplusm oderate dustextinction.Ten ofthe 26 K P galaxieshave K   L > 1:0,corresponding
to a at or rising 4m continuum ,consistent with signicant em ission from hot dust at 600{1000K .K   L is
anticorrelated with ISO ux ratio F 6:75=F15,weakly correlated with line ratio [O i]/[C ii],butnotwith [C ii]/FIR
or IRAS ratio F60=F100.Photodissociation-region m odels for these galaxies show that the hot dust responsible
forred K   L residesin regionsofhigh pressure and intense far-ultravioletradiation eld.Taken together,these
results suggest that star form ation in norm alstar-form ing galaxies can assum e two basic form s:an \active",
relatively rare,m odecharacterized by hotdust,suppressed Arom aticFeaturesin Em ission (AFEs),high pressure,
and intense radiation eld;and the m ore com m on \passive" m ode that occurs under m ore quiescent physical
conditions,with AFEs,and withouthotdust.The occurrence ofthese m odesappears to only weakly depend on
the star-form ation rate perunitarea.Passive starform ation overlarge scalesm akesup the bulk ofstar-form ing
activity locally,while the \active" regim e m ay dom inate athigh redshifts.
Key words.G alaxies:spiral{ G alaxies:starbursts{ G alaxies:ISM { ISM :D ust
1.Introduction
The Infrared Space Observatory (ISO ) m ission has pro-
vided an unprecedented view ofthe interstellar m edium
(ISM ) in galaxies from the near-infrared (NIR) contin-
uum between 3 and 5m to the C + ne-structuretransi-
tion at158m and beyond.Infrared spectra (3 to 12m )
obtained by ISO -PHO T revealthe m id-infrared (M IR)
em ission from norm algalaxiesto be characterized by the
Arom atic Features in Em ission (AFEs) at 3.3,6.2,7.7,
8.6,and 11.3m ,and an underlyingcontinuum which con-
tributesabouthalfthelum inosity in the3 to 12m range
(Helou etal.2000).
However, the ISO data have also raised m any
questions about the ISM constituents. In particular,
the nature of the dust responsible for the AFEs is
not yet clear, and the debate over three-dim ensional
Very Sm all G rains (VSG s), two-dim ensional Polycyclic
Arom aticHydrocarbon m olecules(PAHs),orAm orphous
Send o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Based on data obtained at TIRG O , G ornergrat,
Switzerland
Hydrogenated Carbon particles (HACs),and their rela-
tive contribution in dierentenvironm entsisstillunder-
way (Jenniskens& Desert1993;Lu 1998;Cesarsky etal.
1998).M oreover,the relationship between the carriersof
theAFEsand theunderlying continuum rem ainsobscure
(Boulangeretal.1996,Helou etal.2000).
A related question istherelativecontributionsofdust
in the ISM ,stellar photospheres,and circum stellar dust
to theM IR radiation in spiralsand ellipticals.IRAS data
alreadyconvincinglyshowed thattheM IR em ission in spi-
ralsism ainly dueto a continuum from sm allgrainstran-
siently heated to high tem peratures and AFEs.O n the
other hand,in ellipticalgalaxiesthe ISM -to-stellar ratio
is generally low,so that photospheric and circum stellar
em ission from evolved red giants m ay contribute signi-
cantly to theM IR (K napp etal.1992,M azzei& deZotti
1994).It has been argued,though,that the sam e IRAS
color-colorrelation (e.g.,Helou 1986)holdsforellipticals
and spirals,which im plies a sim ilarISM origin (Sauvage
& Thuan 1994).
The continuum com ponent between 3 and 5m can
be extrapolated fairly wellto the continuum levelat 9{
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10m (Helou et al.2000),which suggests that som e of
the 3{5m continuum m ust be produced by the ISM .
Nevertheless,a portion of the 3{5m continuum m ust
arise from stellar photospheres since they dom inate the
em ission at 1{2m .Although the signal-to-noise in the
3{5m ISO spectra isrelatively low,thatisthe spectral
region wheretheM IR spectra ofthe43 galaxiesobserved
by Helou etal.(2000)show them ostsignicantgalaxy-to-
galaxyvariation.Tounderstand thephysicaloriginofthis,
and assessthe relationship ofthe M IR continuum to the
ubiquitousAFEs,itisnecessary to separatetheISM con-
tribution from thatofstellarphotospheresand circum stel-
lardust.To thisend,we have acquired JH K L0 photom -
etry ofthe galaxiesstudied in Helou etal.(2000),which
constitutesone ofthe ISO Norm alG alaxy K ey Projects.
A variety ofISO observationshave been secured forthis
sam ple,includingm id-infrared spectra(Helou etal.2000),
ionicand atom icne-structurelineuxes(M alhotra etal.
1997,M alhotra etal.2001),m id-infrared m aps at7 and
15m ,and a sm allnum berof4.5m im ages(Dale etal.
2000).
The rest of the paper is organized as follows:Sect.
2 describesthe observations,reduction,and photom etric
calibration.W e com pare the JH K L colorsofthe sam ple
galaxies with their ISO properties in Sect.3,and with
photodissociation-region m odelsin Sect.4.Section 5 dis-
cussesthenatureofthe4 m continuum ,andourinterpre-
tation ofthese resultsin term sof\active" and \passive"
starform ation.
2.The sam ple,the observations,and the colors
TheISO K ey ProjectforNorm alG alaxies(PI:G .Helou,
K P) was proposed to study the ISM of a broad range
ofnorm algalaxiesusing severalinstrum entsaboard ISO .
The sam ple,described in M alhotra et al.(2001),is de-
signed to capture the great diversity am ong galaxies,in
term s ofm orphology,lum inosity,far-infrared-to-blue lu-
m inosity ratio F IR=B ,and IRAS colors.Theprojectob-
tained ISO observationsof69 galaxies,including ninerel-
atively nearby and extended objects.The rem aining 60
galaxiescoverthefullrangeofobserved m orphologies,lu-
m inosities,and star-form ation ratesseen in norm algalax-
ies,and includesvedwarfirregularsdiscussed in Hunter
etal.(2001).Two ofthese,NG C 1156 and NG C 1569,are
partofourobserved sam ple,and arealso thetwo nearest
objects (6.4 and 0.9M pc,respectively).The m edian dis-
tance ofthe K P sam ple (including these nearby objects,
and with H 0 = 75km /s/M pc)is34M pc(Daleetal.2000).
Thism eansthatwith the 1400 observing aperture we are
sam pling a centralregion roughly 1 kpcin radius.W eob-
served 26 K P galaxies.
W e also selected seven quiescent ellipticals from the
sam ple of early-type galaxies observed with ISO by
M alhotra etal.(2000),orwith published JH K photom e-
try (Frogeletal.1978).Severalofthe latterdo nothave
the rich array ofISO observations obtained for the K P
galaxies.
2.1.Observations
Theobservationswereacquired atthe1.5m f/20 Infrared
TelescopeatG ornergrat(TIRG O 1),with a single-elem ent
InSb detector. The photom eter is equipped with stan-
dard broadband lters (J 1.2m ,H 1.6m ,K 2.2m ,
and L0 3.8m )with diaphragm sin the focalplane den-
ing theaperturedim ensions.Thegalaxy coordinateswere
taken from NED 2 and checked with theDSS3;allobserva-
tionswereacquired with a 1400aperture,afterm axim izing
the infrared signal.Sky subtraction was perform ed with
a wobbling secondary atfrequenciesthatranged from 2.1
to 12.5Hz,according to the integration tim e for the in-
dividualm easurem ent.The m odulation direction was in
a EW direction,with an am plitude ofroughly 30.Beam
switching was used to elim inate linear variations in sky
em ission.
Photom etriccalibration wasachieved by sim ilarly ob-
serving severalstandard starsnightly from theCIT (Elias
etal.1982)and theARNICA (Huntetal.1998)standard
lists.Nightly scatter ofthe photom etric zero point was
typically 5% orbetterin JH K and 8% orbetterin L0.
Thenalphotom etryforthe33galaxiesobserved isre-
ported,togetherwith theirbasicdata,in Table1.In what
follows,wehavetransform ed K   L0to K   L (thislastis
centered at3.5m )using thetransform ation by Bessell&
Brett(1988),and wewilluseK   L to denotesuch colors.
In thevariousplotsand when testing forcorrelations,the
NIR data havealso been corrected fori)G alactic extinc-
tion according to Schlegeletal.(1998)and Cardellietal.
(1989),and ii) K dim m ing using the preceptsm entioned
in Hunt& G iovanardi(1992).
2.2.JH K L colors
The NIR colors of the observed galaxies are shown in
Fig.1.The lled sym bols represent those (10) galaxies
with K   L > 1.0,that is a rising continuum (see be-
low).Also shown in the diagram are H iigalaxies taken
from G lass& M oorwood (1985)and starburstsfrom Hunt
& G iovanardi(1992).Threelow-m etallicity bluecom pact
dwarfs (BCDs) are also shown as asterisks: NG C 5253
(G lass & M oorwood 1985),IIZw 40 (Thuan 1983),but
no J),and SBS0335-052 (Hunt et al.2001).The BCDs
have the m ostextrem e colorssince they tend to be quite
bluein J   H (becauseoflow m etallicity and youth),and
red in K   L (because ofionized gasand hotdust).
M ixing curvesshow how the colorschangewhen vari-
ousphysicalprocessesincreasingly contributetotheem is-
sion observed (see Hunt & G iovanardi1992);they illus-
1
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Table 1. Basic data and NIR photometry
Name R.A. (J2000) Dec. RH Type m
B
V
H
Size K J  H H  K K   L
0
Notes
[ h m s ] [
o
' " ] [mag] [km s
 1
] [arcmin] [mag] [mag] [mag] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
NGC 0278 00 52 04.4 47 33 01 SAB(rs)b 11.5 641 2.1 x 2.0 10.110.02 0.710.03 0.240.03 0.470.10
NGC 0520 01 24 35.0 03 47 37 S;P 12.4 2266 1.9 x 0.7 10.02 0.01 1.06 0.03 0.58 0.02 1.58 0.16 starburst
NGC 0695 01 51 14.3 22 34 56 S0?P 13.8 9735 0.8 x 0.7 12.14 0.03 0.98 0.06 0.66 0.05 1.44 0.12 HII
NGC 0777 02 00 14.8 31 25 48 E1 12.5 4985 2.5 x 2.0 9.68 0.02 0.93 0.06 0.28 0.05 0.34 0.15
NGC 0821 02 08 21.2 10 59 42 E6? 11.7 1753 2.6 x 1.6 9.28 0.03 0.70 0.05 0.34 0.05 0.11 0.10
UGC 02238 02 46 17.5 13 05 44 Im? 14.6 6436 1.4 x 1.3 10.63 0.02 1.22 0.06 0.64 0.05 0.74 0.14 LINER
NGC 1156 02 59 42.3 25 14 13 IB(s)m 12.3 375 3.3 x 2.5 12.70 0.03 0.72 0.04 0.24 0.04 2.49 0.11
NGC 1222 03 08 56.9 -02 57 18 S0;P 13.6 2452 1.1 x 0.9 10.59 0.05 0.81 0.09 0.42 0.07 1.35 0.15
UGC 02519 03 09 19.9 80 07 50 Scd? 14.3 2377 1.2 x 0.7 12.17 0.03 0.73 0.04 0.34 0.04 1.87 0.08
NGC 1266 03 16 00.9 -02 25 40 (R')SB(rs)0;P 13.9 2194 1.5 x 1.0 10.85 0.04 0.93 0.06 0.33 0.06 1.70 0.12 LINER
UGC 02855 03 48 22.6 70 07 57 SABc 13.5 1202 4.4 x 2.0 11.05 0.02 0.77 0.05 0.54 0.04 0.86 0.18
NGC 1569 04 30 49.5 64 50 54 IBm 11.9 -104 3.6 x 1.8 10.00 0.03 0.64 0.05 0.23 0.05 0.90 0.09 Sy1
NGC 1600 04 31 40.0 -05 05 10 E3 11.9 4718 2.5 x 1.7 9.79 0.03 0.72 0.06 0.29 0.06 0.20 0.10
NGC 1700 04 56 56.3 -04 51 57 E4 12.2 3881 3.3 x 2.1 9.16 0.03 0.65 0.06 0.28 0.05 0.19 0.12
NGC 2300 07 32 20.8 85 42 32 SA0
0
12.1 1922 2.8 x 2.0 9.18 0.02 0.65 0.05 0.36 0.05 0.28 0.07
NGC 2388 07 28 53.6 33 49 08 S? 14.7 4134 1.0 x 0.6 10.17 0.01 0.91 0.02 0.49 0.01 0.78 0.05 HII
NGC 3583 11 14 10.8 48 19 04 SB(s)b 11.9 2136 2.8 x 1.8 10.06 0.02 0.78 0.03 0.34 0.03 0.53 0.06
NGC 3665 11 24 43.5 38 45 45 SA(s)0
0
11.8 2080 2.5 x 2.0 9.31 0.03 0.80 0.16 0.18 0.12 0.54 0.07
NGC 3683 11 27 31.8 56 52 39 SB(s)c? 13.2 1716 1.9 x 0.7 9.94 0.01 0.86 0.02 0.37 0.01 0.53 0.06
NGC 3705 11 30 07.5 09 16 37 SAB(r)ab 11.9 1018 4.9 x 2.0 9.97 0.05 0.81 0.05 0.15 0.06 0.34 0.08
NGC 3949 11 53 41.4 47 51 32 SA(s)bc 11.5 807 2.9 x 1.7 10.68 0.01 0.69 0.02 0.21 0.01 0.55 0.09
NGC 4102 12 06 23.1 52 42 40 SAB(s)b? 12.0 837 3.0 x 1.7 8.69 0.01 0.88 0.02 0.42 0.01 0.57 0.03 LINER
NGC 4194 12 14 09.6 54 31 35 IBm;P 13.0 2506 1.8 x 1.1 10.07 0.02 0.76 0.03 0.45 0.03 1.15 0.05 HII
NGC 4490 12 30 36.0 41 38 41 SB(s)d;P 10.2 565 6.3 x 3.1 11.02 0.01 0.63 0.02 0.21 0.01 0.64 0.10
NGC 4519 12 33 30.3 08 39 16 SB(rs)d 12.3 1220 3.2 x 2.5 12.06 0.04 0.79 0.17 0.82 0.12 1.66 0.12
NGC 5433 14 02 36.1 32 30 36 Sdm 14.1 4354 1.6 x 0.4 10.81 0.01 0.84 0.07 0.23 0.02 1.40 0.27
NGC 5713 14 40 11.5 00 17 30 SAB(rs)bc;P 12.2 1883 2.8 x 2.5 10.51 0.05 0.98 0.04 0.24 0.06 0.67 0.09
NGC 5866 15 06 29.5 55 45 47 S0
3
10.7 672 4.7 x 1.9 8.90 0.01 0.85 0.02 0.36 0.01 0.42 0.03 HII/LINER
NGC 5962 15 36 31.8 16 36 28 SA(r)c 12.0 1958 3.0 x 2.1 10.10 0.10 0.72 0.10 0.25 0.10 0.26 0.10
NGC 6286 16 58 31.7 58 56 14 Sb;P 14.1 5501 1.3 x 1.2 10.85 0.05 0.96 0.05 0.56 0.06 1.04 0.09 LINER
NGC 7626 23 20 42.4 08 13 02 E;P 12.2 3403 2.6 x 2.3 9.73 0.05 0.72 0.09 0.35 0.09 0.60 0.12
IR 23365+3604 23 39 01.3 36 21 09 S?Ba?;P 16.3 19336 0.5 x 0.3 12.57 0.06 1.29 0.10 0.52 0.10 2.86 0.15 LINER
MRK 0331 23 51 26.9 20 35 08 S? 14.9 5541 0.7 x 0.4 10.25 0.15 0.79 0.15 0.44 0.15 1.45 0.10 HII, Sy2
Basic data are from NED. The errors reported for the NIR photometry (columns 8 through 11) are 1.
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Fig.1.NIR color-colordiagram ;the K   L color in the
top panelistransform ed from K   L0 asdescribed in the
text.Filled sym bols refer to galaxies with K   L > 1:0.
The7 quiescentellipticalsareindicated with an E.Shown
as stars are H iigalaxiestaken from G lass & M oorwood
(1985)and starburstsfrom Hunt& G iovanardi(1992),and
shown as asterisks the BCDs (see text).M ixing curves
show how the colors change when various physicalpro-
cesses increasingly contribute to the em ission observed
(seeHunt& G iovanardi1992);theend pointsofthem ix-
ing curvesindicateequalK -band contributionsfrom stars
and the process(hotdust,ionized gas,A stars).The tick
m arkson theextinction lineshow unitA V m agnitudein-
crem ents.
tratethat,on the basisofNIR color,itispossibleto dis-
tinguish am ong stellar photospheric em ission,\passive"
dustin extinction,and \active" dustin em ission.H   K
tends to be red (> 0:35) for both dust extinction and
dust em ission,while K   L is red only because ofem is-
sion by dust or ionized gas (see the free-free line).Thus
red K   L can beused to signala substantialcontribution
from hotdustem ission in theobservingaperture.The600
and 1000K m ixing curvesspan the observed colorsquite
well,and although the VSG em ission isnottherm alized,
the curves show that the NIR colors are consistentwith
dustatthese tem peratures.
The K   L color can also provide an estim ate of
the slope ofthe spectralenergy distribution (SED) be-
tween 2 and 4m .Using the zero-m agnitudeuxesgiven
in K oornneef(1983),and assum ing a power-law depen-
dence f / 
,we nd thatK   L =   0:50 + 0:95.
Therefore4,K   L > 1:0 is where the slope  changes
sign and becom esnegative,signifying a continuum f ris-
ing with increasing wavelength;when K   L < 1:0, is
positive.Them ean  averaged overtheentireK P sam ple
is> 0,with f / 
+ 0:65 (Helou etal.2000).Ifweinclude
theellipticals,them edian K   L ofour33galaxiesis0.50,
which gives = 0:90,steeperthan,butconsistentwith,
Helou et al.(2000).Ifonly the ISO K ey Project galax-
iesare considered,m edian K   L = 0:68,corresponding
to  = 0:54,rem arkably close to thatreported in Helou
et al.The m edian K   L for the ellipticals only is 0.21,
which correspondsto a very steep falling continuum with
 = 1:5.
Them ixingcurvesshown in Fig.1illustratewhatfrac-
tion ofthe observed ux isdue to hotdust;they assum e
a m ix ofstellar photospheres with intrinsic stellar color
(K   L) = 0:3,or (K   L
0) = 0:5,plus dust em is-
sion.W hen the SED isatat4 m (K   L  1:0,slope
 = 0),600K hotdustcom prisesroughly 5% ofthetotal
K -band ux;hotter dust(e.g.,1000K )would constitute
30% .Itisunlikely thatatorrising continua are due to
free-freeem ission from ionized gas,sinceeven with a 50%
em ission fraction from gas,the continuum is stillfalling
[(K   L) = 0:7].Thism eansthatK   L,oralternatively
theslopeofthe4m continuum ,isa rem arkably sensitive
diagnostic of hot dust:sm allfractions (5{30% ) of dust
em ission cause large variations (0.6m ag) in the K   L
color.A 50/50 K -band m ix ofhot dust and starswould
produce a K   L color between 1.2 and 2.7,depending
on the dusttem perature;NG C 4519,the galaxy with the
reddestH   K (= 0.82),m ay contain such a m ix.
3.Com parison with ISO photom etry and spectra
Ifthe non-stellar3.8m ux istruly associated with hot
dust,we would expect to nd correlations between ISO
M IR observations and L0, if both arise from a sim ilar
sm all-grain population.Also,observationsofthetwom ost
im portantphoto-dissociation region (PDR)cooling lines,
[C ii]and [O i],suggestthatgasand dusttem peraturesin-
creasetogether(M alhotra etal.2001);wem ighttherefore
expecttrendswith theselineuxesand ratiosand K   L.
3.1.Broadband uxes
W e rst checked that our ground-based (sm all-aperture)
L
0 uxes were broadly consistent with the ISO uxes at
F6:75 and F15 (Dale et al.2000).Allthree are m utually
correlated (not shown),except for two cases (NG C 278
and NG C 5713)wherethe ISO ux issubstantially larger
than expected from thegeneraltrend.Thisdiscrepancy is
alm ostcertainly dueto apertureeects,sincetheground-
based data areacquired in a 1400 aperture,while the ISO
values published in Dale et al.(2000) are totaluxes as
extrapolated from curves ofgrowth.NG C 1569 is gener-
4
The interceptclim bsfrom 0.95 to 1.10 ifwe adoptinstead
the scale ofW ilson etal.(1972).
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Fig.2.Hybrid ground-based/ISO color-colorplot:thetop
panelshowstheratio ofthe3.8m ux (nottransform ed
toL)and F15 plotted againstK   L,and thebottom panel
the ratio ofF6:75 and F15 plotted against K   L.The
dotted line shows the best-t regression;the correlation
coecients are shown in each panel(parentheses denote
thecoecientwithoutthetwo nearestgalaxiesNG C 1569
and NG C 1156).Solid dots are used when the corrected
H   K > 0:35.
ally an outlier;however,itspropertiesaresim ilarto those
ofotherlow-m etallicity dwarfirregulars(seeHunteretal.
2001).Theotherdwarfirregularin ourobserved sam pleis
NG C 1156,again a clearoutlierin m ostofthesubsequent
plotsand correlations.Asnoted in Sec.2,these galaxies
arealso thetwo closestgalaxies,which considerably com -
plicatesthecom parison oftheISO and ourground-based
1400 aperturedata.
W e next com pare ISO colors with K   L in Fig.2
whereF6:75=F15 and the\hybrid"colorF3:8=F15 areplot-
ted againstK   L.G round-basedK   L turnsouttobecor-
related (2.5) with F6:75=F15
5,but is uncorrelated with
thehybrid color.ThesenseoftheF6:75=F15 vs.K   L cor-
relation issuch thatredderK   L im plieslowerF6:75=F15.
NG C 1569 stands out since it has a very low F6:75=F15
ratio for its K   L color.As an extrem e case,in Fig.2,
we havealso plotted SBS0335-052 (notconsidered in the
correlation),using theISO data from Thuan etal.(1999)
and K   L from Hunt et al.(2001).SBS0335-052 is an
unusualBCD with 1/40 solar m etallicity, and the ISO
spectrum shows no AFEs;not surprisingly Fig.2 shows
5
Ifthe nearestobjects,NG C 1569 and NG C 1156,are elim -
inated from the regression the signicance becom es 4.0.If,
in addition,the reddest K   L value (IRAS23365+ 3604) is
elim inated,the signicance becom es2.1.
Fig.3.IRAS 12m /25m ux ratio vs.K   L.No IRAS
upperlim itsareshown.Solid pointsreferto galaxieswith
acorrected H   K > 0:35.Thebest-tregression isshown
togetherwith thecorrelation coecient(in parenthesesis
that without NG C 1156 and NG C 1569,the two nearest
galaxies).
that this galaxy has a lower F6:75=F15 ratio than any of
the galaxiesin the ISO sam ple.
Sincedusttem peraturesin large\classical" grainsare
connected with the IRAS ux ratio F60=F100,and since
this ratio and F6:75=F15 are anticorrelated (Dale et al.
2000),we m ight expect K   L to also be anticorrelated
with F60=F100.W e found no such correlation but note,
instead,thatIRAS F12=F25 isanticorrelated (2.6)with
K   L6,asshown in Fig.37.Togetherwith thetrend with
K   L and F6:75=F15,this m eans that the presence of
hotdustis:a)usually linked to the suppression ofAFEs
which dom inate the 12m band (Helou etal.1991),and
b)largely independentofthe tem peratureand character-
isticsofthe largegrains.
3.2.Line m easurem ents
In PDRs and H ii regions,gas and dust are intim ately
related.In ionized regions,gasand dustcom pete forfar-
ultraviolet(FUV)photons,buttheneutralgasin PDRsis
heated predom inantly by photoelectronsfrom sm alldust
grains(W atson 1972;Hollenbach & Tielens1997).Neutral
6
Iftheobjectwith thereddestK   L (IRAS23365+ 3604)is
elim inated from theregression,thesignicance becom es2.4.
7
Although thesegalaxieswereselected to besuciently dis-
tant,given thesizeoftheIRAS beam scom pared toourground-
based photom etry,apertureeectsalm ostcertainly contribute
signicantly to the scatter.
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Fig.4. ISO em ission-line ratios vs. K   L. The top
panel shows the log of the ratio of [C ii](158m ) and
[O i](63m )line uxesvs.K   L,and the bottom panel
thelog oftheratio of[C ii]and FIR vs.K   L.Thecorre-
lation coecientsareshown in each panel(thecorrelation
coecient in parentheses is that without NG C 1156 and
NG C 1569,the two nearest objects).Solid dots refer to
galaxieswith corrected H   K > 0:35.
gasiscooled prim arily by atom icand ionicne-structure
lines,[C ii] (158m ) and [O i] (63m ), and these lines
can be used asdiagnosticsfor the physicalconditionsin
the PDR gas (Tielens & Hollenbach 1985):the [O i]line
is expected to becom e m ore im portant relative to [C ii]
in warm er and denser gas.[C ii]and [O i]line uxes for
the galaxies in our sam ple have been m easured by ISO
(M alhotraetal.2001),and in thissection weanalyzethose
m easurem entsin the contextofournew photom etry.
An im portantdiagnostic isthe ratio of[C ii]and the
far-infrared ux (FIR),since it m easures essentially the
eciency ofthe photoelectric heating ofthe gasby dust
grain ejection.Thisratio[C ii]/FIR tendstodecreasewith
warm erFIR colorsF60=F100 and increasingstar-form ation
activity as indicated by F IR=B (M alhotra et al.2001).
M oreover,warm ergas,assignied by sm aller[C ii]/[O i],
correlateswith warm dustorlargerF60=F100;thislastis
the m ostsignicantcorrelation in the study by M alhotra
et al.(2001).Since red K   L should be related to hot
dustand itstem perature,wem ightexpectto nd sim ilar
correlations with norm alized FIR line uxes and ratios.
However,this supposition is not borne out by the data
(see Fig.4):we nd no correlation between K   L and
[C ii]/FIR,and only aweakanticorrelation between K   L
and [C ii]/[O i].Again,K   L appearsto be m easuring a
hot-dustphase,notclosely connected to thepropertiesof
the coolerdust.
Fig.5.Logn (upper panel) and LogG 0 (lower) plotted
against K   L. The PDR param eters are taken from
M alhotra etal.(2001).Thedotted linein thelowerpanel
shows the best-t regression;the correlation coecients
areshown in each panel.Solid pointsrefertogalaxieswith
corrected H   K > 0:35.Estim ate ofcorrelation coe-
cientsand regression include allobjects(the parentheses
contain the coecientwithoutNG C 1156 and NG C 1569,
the two nearestgalaxies).
4.PD R m odels
Photodissociation m odelsforallthe galaxiesin oursam -
ple have been reported in M alhotra et al.(2001),calcu-
lated from them odelgridsofK aufm an etal.(1999).These
m odelscalculatethelineem ission in [C ii]and in [O i](in-
cluding thelineat145m )and thedustcontinuum em is-
sion foraplaneslab ofgasillum inated on onesidebyFUV
radiation.G asheatingin them odelsisdom inated by pho-
toelectronsejected from classical(large)grainsand from
VSG saccording to the recipe ofBakes& Tielens(1994).
From these m odels,it is possible to infer values for the
neutralgasdensity n and the FUV radiation eld G 0,as
wellasforthepressureP and tem peratureT ofthe gas.
Figure5 showsgasdensity n and FUV ux G 0,asde-
rived from PDR m odels,plotted againstK   L.W ithout
NG C 1156 (oneofthetwo nearestgalaxies),K   L iswell
correlatedwith G 0,atthe3.5 level.Thisisaclearindica-
tion thatred K   L isconnected to strong FUV radiation
elds.Also shown in Fig.5 is SBS0335-052,with a G 0
 10000 tim es stronger than the localvalue (Dale et al.
2001);thisgalaxy followsthe sam ecorrelation.
W e then exam inewhetherthe prim ary dependency of
red K   L color is on neutralgas tem perature T or on
itspressureP ,given thattheK   L colorisindependent,
orroughly so,ofneutralgasdensity n.TherelevantPDR
param eters are plotted in Fig.6 where T and P as in-
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Fig.6. LogT (upper panel) and LogP (lower) plotted
against K   L. The PDR param eters are taken from
M alhotra et al.(2001).The dotted lines show the best-
t regression;the correlation coecients are reported in
each panel.Solid points refer to galaxies with corrected
H   K > 0:35.Estim atesofregression lineand correlation
coecients include allgalaxies (the parentheses contain
thecoecientwithoutthetwo nearestobjects,NG C 1156
and NG C 1569).
ferred from the PDR m odels are plotted versus K   L.
The therm alpressure P of the PDR is expected to be
approxim ately equalto the therm alpressure ofthe adja-
cent H iiregion (M alhotra et al.2001).The correlation
between P and K   L is weak but becom es signicant
(2.8)once we exclude NG C 1156.There isno apparent
correlation between T and K   L.Taken together,these
results suggestthat the PDR pressure (roughly equalto
theH iipressure)and theFUV radiation eld G 0 arethe
m ain factorswhich governtheexistenceofhotdustin star-
form ing galaxies;neutralgasdensity and tem peratureby
them selvesarelessim portantinuences.
5.The nature ofthe 4m continuum
W e rstdiscussthe nature ofthe 4m continuum ,asin-
ferred from our observations.Because of the lter cut-
o,L 0 m issesthe 3.3m arom atic em ission feature (e.g.,
M oorwood & Salinari1983;M oorwood 1986),and thus
should bea m easureoftheAFE-freecontinuum .Asm en-
tioned in Sec.2.2,the K   L colorisa sensitivediagnos-
tic ofthe fraction ofhotdustcontained in the observing
aperture.The 4m continuum ofm ostofthe galaxieswe
observed is consistentwith stellar photospherestogether
with m oderatedustextinction.Asexpected,thebestcases
forpurestellarK   L colorsaretheellipticalswhich have
m edian K   L = 0:21.W ithin the1400observingaperture,
wend noevidenceforcircum stellardustin theellipticals,
sincetheirNIR colorsareinconsistentwith dustem ission
atany tem perature.
In roughlyathird ofoursam ple,theK   L color( > 1)
signies a at or rising 4m continuum .Even a sm all
fraction (5% )ofhot(600K )dustcan causethisinection,
and isvery likely thecauseofthelargevariancein the3{
5m continua,as noted by Helou et al.(2000).Because
ofthecharacteristicsoftheL0lter,weconcludethatthe
red K   L color m ust represent a continuum property,
ratherthan short-wavelength AFEs.Such a continuum is
typically accom panied by a lowerF6:75=F15 ratio (seeFig.
2),dueeitherto AFE suppression orto an F15 excess(or
both).Eitherway,we are observing a signicantfraction
ofhot dust in the centralregionsofthese galaxies,with
physicalconditionsthatfavorred K   L,nam ely strong
G 0 and high pressure.
5.1.Physicalconditionsin starform ing regionswith
hotdust
M alhotraetal.(2001)describeaphysicalpicturein which
theinfrared lineem ission arisesin aPDR which surrounds
an expandingH iiregion.They suggestthattheISO diag-
nosticsare probing the typicaldistance from an O B star
orclusterto the PDR gas,ratherthan the globalrate of
starform ation.O urnew 4m dataareconsistentwith this
picture.Red K   L tendsto beassociated with an intense
UV radiation eld G 0.Thetrend shown in Fig.5 suggests
thatrising4m continuaareobserved when UV radiation
eld G 0
>
 10
3:5.Itiseasy to show thatsuch an intense
G 0 m ustbefound within afew tensofpcfrom theionizing
starcluster.Assum ingtheFUV lum inosity ofasinglestar
to be1039 erg s  1 (!),and with a starclusterconsisting of
100 O B stars,the typicaldistance forG 0 = 10
3:5 is10pc.
In the sam e conditions,ata distance of100pc we would
need 10000 m assive stars,m ore than allbutthose in the
m ostlum inousSuperStarClusters(SSCs:e.g.,Calzettiet
al.1997,Turneretal.2000 ).W ith the lowerFUV lum i-
nosity from lower-m assstars,thedistanceto m aintain the
intense G 0 would be even sm aller.Hence,itislikely that
red K   L isprobingaregion within afew tensofpcsfrom
starclusterscontainingafew hundred O B stars.Such sizes
arem orethan ahundred tim essm allerthan theprojected
size ofour observing aperture atthe m edian distance of
the sam ple(see Sect.2).
Hotdustasm easured by high-resolution 10{12m im -
agesofinfrared-lum inousstarburstsalso tendsto becom -
pact,and com pactnuclearstarburstsgenerally dom inate
theirstarburstactivity (Soiferetal.2001).TypicalM IR
sizes in the Soifer et al.sam ple range from < 125pc to
 1kpc;howeverthesem ay bepartly overestim ated since
thespatialresolution forthenearestgalaxy in theirstudy
(NG C 3690)is210pcarcsec  1 which procured m ostly up-
perlim its(< 125pc)forthe sizeofthe em itting regions.
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The hot dust that gives rise to red K   L m ust be
heated by m assivestars,and according to thePDR m od-
els,tendsto befound in high-pressureenvironm entsand,
from the above discussion,in close proxim ity ofthe H ii
region.This intense environm ent suppresses AFE em is-
sion,probably because ofthe strong UV radiation eld,
as proposed by earlierwork (e.g.,Norm and etal.1995).
In the fram ework ofan expanding H iiregion surrounded
by a PDR,such conditions are likely to obtain in young
H iiregions,stillem bedded within their natalm olecular
cloud,which havenotyethad tim e to break through the
cloud surface.Atrstglancethen,K   L appearsto bea
m easure ofage:hotdustisfound preferentially in young
H iiregions.
Nevertheless,the attribution ofthe rising 4m con-
tinuum to youth has som e problem s.Som e very young
system s have \norm al" photospheric+ extinction K   L
colors:thetwobrighteststarclustersin NG C 1569contain
W olf-Rayet(W -R)starsand theiragehasbeen estim ated
at< 5M yr(O rigliaetal.2001).W em easureforNG C 1569
K   L = 0:7,consistentwith stellarphotospheres+ ex-
tinction,not with hot dust.Haro2 (not in this sam ple)
also contains W -R stars (Vacca & Conti1992),and as
such m ustbeyoungerthan 5M yr,butK   L = 0:5(Thuan
1983).Thus,young system sarenotnecessarily associated
with red K   L and hotdust.
It also m ight be that K   L is a diluted version of
theux ratioF IR=B ,sincevariationsin F IR=B ,orstar-
form ation activity,m ightbe translated into variationsof
thehot-dustversusstellarfraction in ourobserving aper-
ture.W einvestigatethisin thetop panelofFig.7,where
wehaveplotted Log(F IR=B )vs.K   L.Thereisno cor-
relation between thesetwoquantities,although thegalaxy
with the highest value ofF IR=B is associated with the
reddestK   L (IRAS23365+ 3604).Itisthusdicultto
interpretK   L asan indicatorofgenericstarform ation,
since the hot dust traced by K   L appears to be inde-
pendentofthe coolergrainstraced by FIR.
5.2.\Active" and \passive" starform ation
W e therefore propose an alternative explanation,nam ely
two \extrem e" distinct m odes of star form ation.
Recent m odels have shown that dust heating and
m olecular hydrogen production are m ore ecient in
dense ( > 500cm
  3),com pact ( < 100pc) environm ents
(Hirashitaetal.2002).M oreover,in low-m etallicityBCDs,
thesizeofthebrighteststar-form ing com plex and itsion-
ized gasdensity arevery wellcorrelated,with thedensest
regions being also the m ost com pact (Hunt et al.2002).
In thissam e BCDssam ple,size and density areindepen-
dent ofage,since ages derived from recom bination line
equivalent widths are all < 5M yr.The correlations in
the K P sam ple studied here seem to suggest a sim ilar
\dichotom y" since a strong UV radiation eld,com pact
size,and pressureareassociated with hotdust.Them ost
com pactdense regionsin the BCD study by Hunt et al.
Fig.7. Top panel:Log of the far-infrared-to-blue ux
ratio F IR=B vs.K   L.F IR=B wastaken from Dale et
al.(2000),with F IR calculated accordingtothecanonical
dependence on F60 and F100 (Lonsdale Persson & Helou
1987).Bottom panel:LogLF IR =area versusK   L.LF IR
isthefar-infrared lum inosity and theareaistheoneofthe
ellipsewith axesofthesizereported in NED;LF IR =areais
in ergs  1 kpc  2.G alaxieswith corrected H   K  0:35
are shown as open circles,and H   K > 0:35 as lled
ones.The verticaldotted line separatesthe \active" and
\passive" regim es(K   L > 1).
(2002)wereinterpreted by them asindicative of\active"
starform ation,characterized by an intensephysicalenvi-
ronm entharboringseveralhundreds/thousandsofm assive
stars,and capableofeciently heating dust.Ata com pa-
rablestar-form ation rate,thelessdense,lesscom pactH ii
regions,term ed \passive" by Hunt et al.(2002),are not
able to heat dust eciently because ofthe m ore diluted
radiation eld (Hirashita et al.2002).W e would argue
thata rising 4m continuum isyetanothersignature of
\active" starform ation.A falling 4m continuum would
be a sign of\passive" star form ation,since the physical
conditionsare notable to produce a m easurable fraction
( > 5% ) ofhot dust;these m ore diuse regions tend to
have lower pressures,a less intense radiation eld,and
prom inentAFEsin the M IR spectrum .
Itm ightbe argued thatthe two extrem esare sim ply
a m easure ofthe star-form ation rate (SFR).W e have at-
tem pted totestthishypothesisbyplottingthefar-infrared
lum inosity perunitarea LF IR =area againstK   L,since
LF IR isfrequently used to m easureSFRs(e.g.,Thronson
& Telesco 1986).The bottom panelofFig.7 showsthat
the two quantities are notsignicantly correlated,noris
K   L correlated with LF IR ,thatiswithoutnorm alizing
by the area (notshown).W e already said that,although
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aperture eects m ay be im portant because ofthe large
IRAS apertures,the top panelofthe sam e gure shows
no correlation between K   L and theLF IR norm alized to
theB band,norwith F60=F100 (Sect.3.1),yetanotherstar
form ation indicatorofcom m on use.Itappears,therefore,
thatthe dierence between the two extrem esisofquali-
tativeratherthan quantitativeorigin.
It should be em phasized that \active" and \passive"
starform ation aswearedening them arelocalconcepts:
in a single galaxy, dierent regions m ay be character-
ized by either m ode. In our G alaxy AFEs are notably
dim inished in H iiregions(Cesarsky etal.1998),and the
M IR continuum tendsto bestrongerin denserstructures
(Abergelet al.2002).M 82 is an another exam ple,since
where the infrared continuum peaks,there are few ifany
AFEs,butattheH iiregion-m olecularcloud interface,the
AFEsdom inate(Norm and etal.1995).O n galacticscales,
thereisalso evidencethatAFEsaredim inished asthein-
tensity ofstarform ation increases(ForsterSchreiberetal.
2002).W ith ourground-based data,we are investigating
the propertiesofthe dom inantm ode ofstarform ation in
theobserving aperture,weighted by thebrightnessofthe
com ponents.At longer wavelengths,higher spatialreso-
lution isnecessary to separate the two m odesbecause in
large apertures (e.g.,IRAS,ISO ),the cooler \standard"
ISM virtually overwhelm sany hotdustem ission.
W efurthernotethatthebulk ofstarform ation associ-
ated with starburstsisnotnecessarilyofthe\active"type.
AFEsarealwaysdetected in galaxynucleiwith H ii-region
spectra (Roche et al.1991);indeed these features dom i-
natetheintegrated spectraofprototypicalstarburstssuch
asM 82 and NG C 253 (Sturm etal.2000).They are also
used to distinguish starform ation from nuclearactivity as
the m echanism powering ultra-lum inousinfrared galaxies
(ULIRG s,G enzelet al.1998).This apparent \paradox"
can be understood through the association ofAFEswith
the cooldust phase ofthe PDR (Haas et al.2002).The
hotdustwem easurewith K   L isheated by theintense
G 0 close to the H iiregion,and without high-resolution
( < 100pc)m easurem ents,thecopiousem ission from the
diuse coolerdustand AFEsin the PDRsdom inatesthe
observed ux.
W ehavefound evidenceforhotdustin roughly 1/3 of
theK P galaxiesobserved.Itisnotclear,however,whether
the propertiesofthese \active" star-form ing galaxiesare
\extrem e" com pared to other exam ples ofnuclear star-
bursts.An upperlim ittothebolom etricsurfacebrightness
ofthese objectscan be deduced from the estim atesgiven
in Sec.5.1:ifwehaveanuclearstarclustercontaining100{
1000 m assive starsconcentrated in a region of10{100pc
in diam eter,the bolom etric surface brightness would be
roughly < 10
11   1012 L kpc
  2.Thiscoincidesapproxi-
m ately with them axim um m ean surfacebrightnessin the
sam ple oflow-and high-redshiftstarburstsof(M eureret
al.1997).However,ourestim aterefersto thenuclearstar
clusters,notto the m ean surface brightnessoverthe ob-
serving aperture as in M eurer et al.As star clusters go,
thosewehavedetected with K   L arenotextraordinary,
since they are severaltim eslessbrightthan the resolved
UV clustersdescribed by M eureretal.(1995).
W hatwe have called the \active" m ode is character-
ized by the form ation ofcom pactstar-form ing com plexes
within ahigh-pressureenvironm entin an intenseG 0.High
pressure is also im plicated in the strong galactic winds
com m on in starbursts (Heckm an et al.1990).Such con-
ditions also favorthe form ation ofdusty SSCs (Bekki&
Couch 2001),which arefrequentlyfound in m erginggalax-
ies(e.g.,the Antennae:W hitm ore etal.1995;NG C 1741:
Johnson etal.1999),ULIRG s(Scovilleetal.2000,Shioya
etal.2001),and nuclearstarbursts(e.g.,M 82:G allagher
& Sm ith 1999; NG C 253: K eto et al. 1999; NG C 4214:
Leithereretal.1996).Although som ewhatuncertain,the
nuclearstarclustersinferred from ourdata have proper-
tiessim ilarto SSCs,which could beyetanothersignature
of\active" starform ation.
5.3.Speculationsforhigh-redshiftstudies
Thephysicalenvironm entofthe\active"m ode,especially
high pressure,resultsnaturally from interactionsorm erg-
ers(Bekki& Couch 2001).Interestingly,interactionsand
m ergers also produce red K   L (Joseph et al. 1984).
According to the Cold Dark M atter hierarchicalcluster-
ing scenario ofgalaxy form ation,the frequency and in-
tensity ofinteractionsare expected to increase with red-
shift,and sem i-analyticrecipesforgalaxyform ation based
on \collisionalstarbursts" are successfulat reproducing
SFRs,colors,m orphology,and m asstrendswith redshift
(Som ervilleetal.2001).Presently,thebulk ofstarform a-
tion in galaxies,includingstarburstgalaxiesand ULIRG s,
takesplacein the\passive"regim e.But,duetothehigher
probability ofstrongtidalstressesand m ergers,thissitua-
tion m ay havebeen reversed in thepastwith the\active"
regim ebeing thepreferred way to form starsathigh red-
shift.
In this context,it is puzzling that we m aintain that
ULIRG shostpassivestarform ation,although m ostifnot
allofthem are m ergers.The m ost plausible explanation
ofthis paradox involves spatialresolution and the rela-
tivedom inanceofthe\passive"ISM in ULIRG s(seeSect.
5.2).G iven thelargecontribution from theircoolISM ,the
em issionin ULIRG sintegratedoverlargespatialscalesap-
pearspassive.Even though \active" starform ation m ust
be occurring, it can be revealed only on sm all spatial
scales,orby itshotdust.A casein pointistheULIRG in
oursam ple,IRAS23365+ 3604.Thisgalaxy hostsseveral
young ( 10M yr) star clusters (Surace et al.2000),but
is classied optically as a LINER (Veilleux et al.1995).
The LINER classication is probably not caused by an
AG N,but rather by shocks generated in galactic super-
winds (Lutz et al.1999).W e classify this object as \ac-
tive" because ofits extrem ely red K   L8,but its ISO
8
The red K   L cannoteasily be attributed to nuclear ac-
tivity,since LINERs tend to have NIR colors dom inated by
norm alstellarpopulations(Lawrence etal.1985).
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spectrum contains prom inent AFEs (Tran et al.2001).
The young starclustersprobably heatthe dustresponsi-
bleforthered K   L,whiletheISO apertureencom passes
the entire galactic disk (see Surace et al.2000).Hence,
IRAS23365+ 3604appearsboth activeand passive:active
becauseofitsred K   L,and passivebecauseoftheover-
whelm ing disk ISM .
Including the eectsofactive starform ation in m od-
els ofgalaxy evolution (e.g.,G ranato et al.2000) would
notbestraightforward.Nevertheless,when starform ation
occurson spatialscales < 100pc (see Sect.5.1),the in-
tenseradiation eld,high pressure,and dim inished AFEs
should be taken into account.Indeed,suppressed AFEs
coupled with the hot dust revealed by our photom etry
substantially alter the infrared spectrum ofstar-form ing
galaxies.This m ay be especially im portant in hierarchi-
calm ergerm odelsbecause ofthe supposed link between
\active" starform ation and interactions.
6.Conclusions
W ith ourJH K L0photom etry,wehaveanalyzed the4m
continuum and its relation with the M IR spectrum and
FIR em ission lines.W e nd the following:
1.Them ajority ofthe26K P galaxieshaveafalling4m
continuum ,K   L < 1:0,consistentwith stellarpho-
tospheres and m oderate dust extinction.10 ofthem
have a at or rising 4m continuum ,K   L > 1:0,
consistent with a m easurable fraction of600{1000K
hotdust.
2.K   L isanticorrelated with ISO ratiosF6:75=F15 and
IRAS ratio F12=F25,butonly weakly with [C ii]/[O i],
and notatallwith [C ii]/FIR/orIRAS ratioF60=F100.
3.PDR m odelsforthesegalaxiesshow thatthehotdust
m easured by red K   L isassociated with high pres-
suresandintensefar-ultravioletradiationeldsincom -
pact( < 100pc)regions.
4.These resultstaken togethersuggestthatstarform a-
tion in these galaxiesoccursin two \extrem eform s":
(a) arelativelyrare\active"m odecharacterizedbyhot
dust,suppressed AFEs,high pressure,intense ul-
travioletradiation eld,and com pactsize;
(b) a m ore com m on \passive" m ode characterized by
photospheric K   L colors,with m oderate extinc-
tion,and lessextrem ephysicalconditions.
5.The physicalconditions we infer for the star-form ing
regionscontaininghotdustaresim ilartothosecreated
by interactions and m ergers.W e speculate that such
intense episodesm ay have been m ore com m on in the
past,so thatthe \active" regim e could dom inate star
form ation athigh redshift.
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